In this work we employ various methods of analysis (unfolding simulations and comparative analysis of structures and sequences of proteomes of thermophilic organisms) to show that organisms can follow two major strategies of thermophilic adaptation: (i) General, non-specific, structure-based, when proteomes of certain thermophilic organisms show significant structural bias toward proteins of higher compactness. In this case thermostability is achieved by greater overall number of stabilizing contacts, none of which may be especially strong, and (ii) Specific, sequencebased, whereby sequence variations aimed at strengthening specific types of interactions (e.g. electrostatics) are applied without significantly changing structures of proteins. The choice of a certain strategy is a direct consequence of evolutionary history and environmental conditions of particular (hyper) thermophilic species: ancient hyperthermophilic organisms that directly evolved in hot environment, pursued mostly structure-based strategy, while later evolved organisms whose thermophilic adaptation was a consequence of their recolonization of hot environment, pursued specific, sequence-based strategy of thermophilic adaptation.
Introduction
The importance of various factors contributing to protein thermostability remains a subject of intense study (Elcock 1998; Jaenicke 1991; Jaenicke 1999; Jaenicke and Bohm 1998; Makhatadze and Privalov 1995; Szilagyi and Zavodszky 2000; Vogt and others 1997) . The most frequently reported trends include increased van der Waals interactions (Berezovsky and others 1997) , higher core hydrophobicity (Schumann and others 1993), additional networks of hydrogen bonds (Jaenicke 1999) , enhanced secondary structure propensity (Querol and others 1996) , ionic interactions (Vetriani and others 1998), increased packing density (Hurley and others 1992) , and decreased length of surface loops (Thompson and Eisenberg 1999) . Recently, it was demonstrated that proteins use various combinations of these mechanisms (England and others 2003a; Jaenicke 2000a;  Vetriani and others 1998). However, no general physical mechanism for increasing thermostability (Jaenicke 2000a; Jaenicke 2000b ) was found. The diversity of the "recipes" for thermostability immediately raises two important questions: (i) what is the common evolutionary or physical basis for the variety of mechanisms of thermostability, and (ii) how did this diversity appear and develop on the evolutionary scene?
To address the first question, one has to go beyond the analysis of specific stabilizing interactions and their various combinations. Conceptually, then, there can be two major factors that affect evolutionary selection of thermostable proteins. First, thermostable proteins may have structural bias such as enhanced packing. In this case, no single type of interaction may be extremely strong and dominate stabilization, but the sheer number of interactions provides enhanced stability. Second, stabilization can be achieved by very small number of particularly strong strategically placed interactions, e.g. electrostatics. This way, several substitutions made in sequences of mesophilic proteins can provide formation of "staples", i.e. specific and strong interactions without significantly altering protein structure. We, therefore, posit two apparent possible scenarios for evolutionary selection of thermostable proteins: structure-based (or nonspecific) and sequence-based (or specific) , each having their own advantages and drawbacks. Proteomes of thermostable organisms that were selected following first (structure-based) scenario would be enriched with proteins having enhanced structural features such as compactness. This mechanism of selection is non-specific in the sense that no or minimal distinct and special features of sequences are needed to achieve thermostability in sequence selection, making it robust under a wide range of environmental conditions. A possible evolutionary disadvantage of such a robust stabilization mechanism is that it makes proteins less adaptable to rapid and specific changes in environmental conditions. An alternative strategy may be sequence-based where structural repertoire of proteomes of thermostable organisms is not biased compared to their mesophilic counterparts. In this case, sequence selection plays major role whereby just a few strategic substitutions in sequence can lead to significant stabilization of an existing structure through the formation of several strong interactions specific to certain demands of the environment. These "staples" can work locally, leaving the bulk of the structure and its compactness unchanged. There is, however, also a possible disadvantage to this mechanism. Sequence-based stabilization may not be robust because it is typically tailored to a specific and narrow range of environmental conditions.
The choice between specific, sequence-based, versus non-specific, structurebased, stabilization mechanism may be affected by a number of historical or environmental factors such as availability of the sequence/structure repertoire at different stages of protein evolution or a need to adapt to new environment (recolonization).
In this work we address the question of causal relationships between strategies of thermostability and their evolutionary context. (Shakhnovich and others 2004; Tiana and others 2004) . By comparative analysis of sequences and structures of proteins from various (hyper) thermophilic organisms we indeed discovered two evolutionary strategies for achieving protein thermostability, structure-based and sequence-based, as outlined above. Further, we show how choice of a particular strategy for thermal adaptation can be understood in an evolutionary context.
Materials and methods

Simulations and sequence/structure analysis
The set of proteins we have analyzed in this work consists of 5 groups: 1. Hydrolase, from E.coli (1INO) and T. thermophilus (2PRD); 2. Rubredoxin, from D. gigas (1RDG), C. pasteurianum (5RXN), D. vulgaris (8RXN), and P. furiosus (1CAA); 3. 2Fe-2S Ferredoxin, from S. platensis (4FXC), E. arvense (1FRR), Anabaena PCC7120 (1FRD), H. marismortui (1DOI), and S. elongatus (2CJN); 4. 4Fe-4S Ferredoxin, from C. acidiurici (1FCA), P. asaccharolyticus (1DUR), B. thermoproteolyticus (1IQZ), and T. maritima (1VJW); 5. Chemotaxis protein, from E. coli (3CHY), S. typhimurium (2CHF), and T. maritima (1TMY). X-ray data from the Protein Data Bank were supplemented with coordinates of H-atoms (Berezovsky and others 1999) .
Unfolding simulations were performed using an all-atom G model developed earlier (Shimada and others 2001 ). In the G interaction scheme atoms that are neighbors in the native structure are assumed to have attractive interactions. Hence G model of interactions is structure-based. Every unfolding run consists of 2x10 6 steps. The move set contains one backbone move followed by one side-chain move. Van der Waals interactions were calculated for atoms belonging to residues separated by at least two residues along the polypeptide chain; only contact distances within 2.5-5.0 were considered for interactions (Berezovsky and others 1999) .
High-throughput analyzes of the distributions of van der Waals contacts was performed on representative sets of major fold types, all , all , / , + (according to SCOP classification (Murzin and others 1995), for list of the proteins used in the analysis see below), from T. maritima, P. Furiosis/Horikoshii/Abyssi, and T. thermophilus. Jack-knife tests have been performed to exclude: (i) possible effect of the same fold on the set, and
(ii) influence of the size of the set.
Numbers of rotamers in fully unfolded states of Hydrolases (1INO and 2PRD) were calculated. Structures were unfolded at high temperature T=4 (see Figure 1a ). Coordinate snapshots were recorded at every 10 5 steps MC steps of total 10 7 steps done for every structure. Numbers of rotamers for every residue were determined as an average over 100 snapshot.
Hydrogen bonds were determined according to criteria developed in (Berezovskii and others 1998; Stickle and others 1992) .
Sequence alignments were done using software "MultAlign" developed in (Corpet 1988 Designability has been treated within the frameworks of a residue-residue contact
Hamiltonian (England and Shakhnovich 2003) . It defines the conformational energy of a polypeptide chain to be the sum of the pair-wise interaction energies of all the amino acid pairs whose alpha carbins are separated by a distance less than ~7.5 (Miyazawa and
Jernigan 1985).
Listing of PDB-codes for major fold types in P. abyssi/horikoshii/furiosis, T. maritima, and T. thermophilus 
Results
The aims of our analysis were twofold: (i) to outline major strategies of protein thermostability, and (ii) to find an evolutionary basis for the development of particular strategies in the variety of species. These considerations defined the choice of the set of analyzed proteins. It includes five groups of proteins, each of them containing representatives of mesophilic organisms and its analogues from (hyper)thermophilic species. At the same time, members of these groups represent evolutionarily distant branches of the phylogenetic tree, archaea and bacteria.
Unfolding simulations with G model
First, we evaluated stability of each of the proteins using an unfolding procedure based on the G model (Go and Abe 1981) . According to the G model native interactions in the structure of the natural protein reflect mutually stabilizing effects of all or almost all types of interactions. It was demonstrated (G 1983 ) that G -like models that consider only native interactions give a satisfactory description of two-state folding processes of single-domain proteins. Thus G -model simulations aim at revealing structure-based contributions to protein stability, and, here, we started from the assumption that for the same reasons, it adequately reflects stability of the structure during its unfolding (G and Abe 1981) .
Unfolding simulations for the studied groups of proteins reveal general trends of higher transition temperatures of unfolding for several (hyper)thermophilic proteins compared to their mesophilic counterparts. Figure 1a shows the difference between the hydrolases from thermophilic T. thermophilus and mesophilic E.coli towards higher stability of Table 1 .
Structural analysis
According to the data in Another interesting feature of unfolding of hydrolases is almost complete coincidence of temperature-dependence curves of unfolding energies up to some relatively high temperature, followed by their abrupt separation. This can be explained by the difference in side-chain entropy of proteins due to the difference in their amino acid sequences.
Calculation of average number of rotamers per residue in fully unfolded state (Canutescu and others 2003) gives values 12.0 and 11.4 for the mesophilic and the thermophilic proteins, respectively. It demonstrates, thus, higher side-chain entropy in the unfolded state of mesophilic hydrolase, which leads to its unfolding at lower temperature compared to thermophilic structure.
Hyperthermophilic rubredoxin from the archaebacteria P. furiosus demonstrates a pronounced bias towards high packing compared to mesophilic proteins (112 van der Waals contacts per residue in hyperthermophilic protein compared to 103, 98, and 96 in mesophilic analogues). Higher density of packing in hyperthermophilic proteins is also reflected in the increased number of H-bonds per residue and in the involvement of 62
per cent of residues into elements of secondary structure compared to 39-40 per cent in mesophilic proteins.
Van der Waals interactions and involvement of more residues into elements of secondary structure contribute to an increase of stability of thermophilic 2Fe-2S ferredoxin (2CJN, H-bonds can not be obtained because of low resolution NMR structure), in agreement with the conclusion done in experimental work (Hatanaka and others 1997).
All major structural factors presented in Table 1 point out to increased thermostability in thermophilic 4Fe-4S ferredoxin (1IQZ) and, thus, explain its higher transition temperatures in unfolding simulations compared to mesophilic analogues.
Proteins from T. maritima exhibit principally different distribution of major stabilizing interactions ( Table 1) . Analysis of the data for 4Fe-4S ferredoxin (1VJW) gives a substantially increased number of hydrogen bonds and involvement of almost half of the residues into secondary structure elements. At the same time, compactness of the structure (95 van der Waals contacts per residue in hyperthermophilic proteins compared to 96 and 82 in two mesophilic proteins) is practically the same as those in mesophilic protein. CheY protein (1TMY) has a decreased number of van der Waals contacts and hydrogen bonds, and slightly higher fraction of residues participating in secondary structure (see Table 1 ). Thus, both unfolding simulations ( Figure 1 ) and structural analysis (Table 1) demonstrate that increased stability of thermophilic hydrolase (2PRD), ferredoxins (2CJN and 1IQZ), and hyperthermophilic rubredoxin (1CAA) from P.
furiosis is provided by the majority of structural factors acting together, whereas ferredoxin and CheY proteins from hyperthermophilic T. maritima lack structural connotation in their stabilizing mechanisms. This suggests that proteins from T. maritima have yet another way of increasing thermostability. In order to uncover a possible alternative mechanism of thermostability employed by T.maritima proteins we consider second major factor in protein stability, sequence.
Sequence analysis
We examined here sequence alignments of mesophilic proteins and their (hyper)thermophilic homologues (see Figure 2) . Results of quantitative analysis of sequence comparisons are presented in Table 2 . Similarly to unfolding simulations, sequence analysis discriminates proteins from hyperthermostable T. maritima from other Figure 2 ). In addition, we obtained substantial redistribution and increased number of charged residues in CheY protein and almost twice greater number of charged residues (11 versus 6, see also Table 2 ; light and dark gray in Figure 2 ). Further, no significant substitutions into charged residues in sequences of respective (hyper)thermophiles (2PRD, 2CJN, and 1CAA) were observed (positions marked by blue and red ( Figure 2 ) and residue types IV and V in Table 2 , respectively).
Several additional charged residues in thermophilic ferredoxin (1IQZ) can be explained by significantly larger size of the protein (81 residues versus 55 in mesophilic homologues). However, substantial elevation of packing density normalized by number of residues (27 percent more of contact per residue) and other structural factors (see Table 1 ) are apparent crucial contributors to increased stability, as it was detected by unfolding simulations (Figure 1d ). Moreover, in the case of hyperthermophilic rubredoxin from P.furiosis (1CAA) and thermophilic ferredoxin from S. elongatus (2CJN) sequences of mesophiles contain in common parts of the alignments even more charged residues than their (hyper)thermophilic homologues (11 and 10 versus 4 and 3 per cent, respectively). Thus, all the approaches used in this work, structure-based unfolding simulations, analysis of structural features, and sequence alignments consistently distinguish proteins of T. maritima from the other (hyper)thermophilic proteins according to the differences in the ways of gaining thermostability. In the first case of thermophilic hydrolase (2PRD), ferredoxins (2CJN and 1IQZ), and hyperthermophilic rubredoxin (1CAA), we have a general trend of increasing of transition temperature obtained in unfolding simulations with a G model, essentially structure-based approach. We also found, for these proteins, that all stabilizing structural factors act concurrently, which points to compactness as the most probable cause for structure-based original mechanism of higher stability.
In the second case of proteins from T. maritima, we did not observe structural connotation for the mechanism of thermostability. At the same time, we revealed a strong sequence bias in proteins from T. maritima, which demonstrated preference for some of the stabilizing interactions and not others: a mechanism that we define as sequence-based strategy.
While the differences between mechanisms of thermostability demonstrated in this study for several proteins are suggestive, a fully conclusive evidence can be obtained only from massive comparison of proteins from different species.
High-throughput analysis of major folds
Our previous analysis suggested dominance of structure-based strategy in We analyzed distributions of van der Waals interactions in representative sets of major fold types (all , all , / , and + , see Table 3 ) from T. maritima, P.
furiosis/horikpshii/abissy, and T. thermophilus. Figure 3 shows that distribution of number of van der Waals contacts per residue in archaea folds (here, from P.
furiosis/horikpshii/abissy) has most significant shift toward higher packing density (PD) compared to respective distributions for major folds from T. maritima and T.
thermophilus. This observation is in full agreement with (i) increased contact density observed in several thermophilic proteomes (England and others 2003) , and (ii) higher contact density for the last universal common ancestor (LUCA) domains /folds (Shakhnovich and others 2004). Remarkably, distribution of the number of contacts in the folds of thermophilic T. thermophilus is close to one for Pyrococcus folds, which indicates persistence of structure-based strategy in T.thermophilus. This finding is in full agreement with the conclusion obtained from unfolding simulations (Figure 1a ) and structural analysis (Table 1) . On the contrary, packing density in proteins from T.
maritima is shifted toward lower values compared to both Pyroccocus and T.
thermophilus folds. This observation suggests that proteins of hyperthermophilic T.maritima should apparently take alternative route to stabilization. The data presented in Table 3 ). This further proves persistence of structurebased strategy in T. thermophilus, whereas in T. maritima we found predominance of sequence-based mechanism.
General concept of dual-strategy in thermostability
The existence of the two mechanisms of thermophilic adaptation, structure-based and sequence-based, gives us an opportunity to look at adaptation process from the perspective of general concepts, structure and sequence. Using this approach, we can determine which strategy has been utilized by nature in any particular case, and how different strategies can be combined in order to reach adaptation to specific environmental conditions. As an example we take ferredoxins, whose universal presence in all organisms makes them an outstanding object for our analysis. There is a special interest in the group of 2Fe-2S ferredoxins, the ferredoxin from the halophilic archaebacterium H. marismortui (1DOI). First, this protein demonstrates a higher transition temperature (Figure 1 ) in unfolding simulations with structure-based G potential, which can be explained by significantly increased packing density and extensive hydrogen bonding (Table 1) . It is worth noting that this halophilic protein is from archaebacteria, and it has substantially higher packing density than its mesophilic counterparts. This is another example (the first one is hyperthermophilic rubredoxin from archaebacteria P. furiosus) which corroborates the idea of high packing density as one of ancient mechanisms of thermostability (England and others 2003a) . At the same time one can easily trace way of adaptation to high salinity. Almost entire surface of the protein is coated with acidic residues. This is achieved by enrichment of the sequence with acidic residues, in particular 8 of 22 residues in N-terminal domain are acidic, providing extra surface carboxylates for solvation. Thus, we observed co-existence of two stabilizing mechanisms: (i) specific, sequence-based, mainly by the abundance of acidic residues on the surface (Frolow and others 1996) , which provides adaptation to high salinity, and (ii) non-specific, structure-based, which includes major factors of the protein stability and may well preserve stability and function of the protein under decreased salinity (Frolow and others 1996) . This example highlights universality of two-strategy mechanism of adaptation, demonstrating versatility of adaptation to other than temperature factors of thermostability and provides a basis for its transformation into generic two-strategy mechanism of adaptation to wider spectrum of environmental conditions (temperature, salinity, pressure, etc.). in all thermostable proteins. However, in many of them this rule does not work (see Figure 1 and Table 1 ). High-throughput analysis on a proteomic level reinforces this observation (see Figure 3 and Further, our analysis provides a new insight into physical mechanisms of thermostabilization showing two major strategies of increasing protein stability. We found structure-based stabilization for thermophilic hydrolase from T. thermophilus, 2Fe-
Discussion
2S ferredoxin from S. elongatus, and 4Fe-4S ferredoxin from B. thermoproteolyticus
(packing density and other structural features are significant contributors), and hyperthermophilic rubredoxin from P.furiosis, which feature more compact folds so that all stabilizing interactions contribute to enhanced thermostability (see Table 1 ). The G model simulations also indicated a possibility of an alternative strategy of specific stabilization, where protein sequences are selected in such a way to enhance only one or few types of interactions in order to adapt to very specific extreme conditions. In this case, sequence variation, a mechanism that can introduce particular stabilizing interactions regardless of the detail of the original structure, gives rise to sequence-based specific strategy. Hyperthermophilic ferredoxin and chemotaxis protein from T. maritima exemplify this mechanism of stabilization. Here, the obvious bias towards specific interactions couples with lack of non-specific structure-based stabilization. These results are corroborated by the experimental data, revealing that hyperthermostable ferredoxin from T.maritima at 25 °C is "thermodynamically not more stable than an average mesophilic protein" (Pfeil and others 1997) and "conventional explanations for the structural basis of enhanced thermostability" do not work in case of chemotaxis protein from T. maritima (Usher and others 1998). At the same time, stability of these proteins under extremely high temperatures is provided by significant modifications of their sequences towards enrichment by charged residues, which turned out to be an effective sequence-based method of adaptation to extreme specific conditions (Pfeil and others
1997; Torrez and others 2003).
Casual relationships between strategies of thermostability and their sequence/structure/evolutionary environments.
What determines the choice of a strategy during long-time evolutionary experiment?
Common believe that Life started from hot conditions implies two possible ways of evolutionary adaptation to hot environment: (i) first organisms whose adaptation mechanisms should be developed ''from scratch'', i.e. simultaneously with evolution of their proteomes, while (ii) on later stages organisms could recolonize extreme environment and, then, their already existing proteins should be changed. In the first scenario thermostable proteins were designed de novo -selection of sequence and structure had to occur concomitantly. This gives rise to evolutionary pressure on protein structures to make them more designable. Designability is a property of a protein structure that indicates how many sequences exist that fold into that structure at various levels of stability (Li and others 1996; (Finkelstein and others 1995) England and Shakhnovich 2003; Taverna and Goldstein 2000) . Theoretical treatment of designability considers certain properties of contact matrix of a structure, C, (England and Shakhnovich 2003) as a major structural determinant of protein designability. Traces of powers of C reflect topological characteristics of the network of contacts within the structure, and, as a consequence, predict number of low-energy sequences that a fold can accommodate (England and Shakhnovich 2003) . In particular, in lowest, second order in C approximation, designability is predicted to correlate simply with compactness of a structure -number of contacts per residue (contact density) (England and others 2003b; Wolynes 1996) . Figure 4 demonstrates that higher trace. i.e. more compact, structures (red diamonds) can obviously accommodate more low-energy sequences (gray shaded left part of the picture), than those of low contact trace. i.e. less compact structures (blue circles). This suggests that more designable structures were more amenable to become thermostable proteins at the early stages of evolutionary selection, when structures and sequences were selected concomitantly: more designable structures had initial advantage because greater number of sequences can fold into them with low energy, resulting in less severe sequence search requirements to make thermostable proteins having that structure.
Together with earlier observation of higher contact density for last universal ancestor This similarity is a consequence of lateral (or horizontal) gene transfer (Lawrence and Ochman 1997; Nelson and others 1999) , which, as it was demonstrated earlier, points to specific biochemical and environmental adaptations (Doolittle 1999a; Doolittle 1999b; Jain and others 1999; Lawrence 1999) . In this case Archaea served as a source for lateral gene transfer on organismal level of adaptation during recolonization (Nelson and others 1999). However, mechanism of thermostabilization of remaning, biggest, part of its proteome should be developed, upon its colonization of hot environement, in T. maritima itself. In other words, when T.maritima recolonized hot environment, stability of already existing proteins must be significantly improved. We showed here a crucial role of sequence-based strategy thermostability in proteins from T. maritima versus structurebased one in Archaea proteins (see Results), which corroborates long evolutionary distance between T. maritima and Archaea (Nelson and others 1999).
Later in evolution structure-based strategy can persist in some cases, while it can be replaced by more specific, sequence-based, strategy in other cases (related to diverse environmental conditions and distinct evolutionary path they underwent). Highthroughput structural analysis of major fold types implemented in this work provided the evidence of persistence/changing strategy of stabilization. We obtained non-specific structure-based mechanism in proteins of ancient Archaea (here, Pyrococcus) and its persistence and substantiation in bacteria T. thermophilus. At the same time this strategy was abandoned in other bacteria, T. maritima, where sequence-based strategy of implementing specific interactions was eventually developed. The latter represents, sophisticated mechanism of fine tuning of energetics and requires well-developed molecular mechanism of mutation/adaptation (Nelson and others 1999). Contrary to structure-based strategy, the key element here is a sequence variation that renders originally mesophilic protein a thermophilic one without significant alteration in its structure. A few specific interactions, as a result of sequence alteration, can crucially change stability of the structure, regardless of its original compactness and stability sequences that can fold into a given structure with a given energy E. Red diamonds show S(E) for a more designable structure of high contact trace (or higher compactness in structural terms), blue circles correspond to structure of low contact trace. A greater number of low-energy sequences can be ''accomodated'' by higher trace structures (gray shaded region), and, therefore, such structures can adopt a much larger number of foldable, highly thermostable sequences. The curves presented are for illustrative purposes only, detailed calculations for several specific models are presented in (England and Shakhnovich, 2003) Legends to Tables 
